November, 2017 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 10 No.6 231

Analysis of threshed rice mixture separation through vibration

screen using discrete element method

Li Hua®, Wang Jinshuang?, Yuan Jianbo®, Yin Wenging"",

Wang Zhiming?, Qian Youzhang*

(1. College of Engineering, Nanjing Agricultural University, Nanjing 210095, China;

2. Jinhua Vocational Technical College, Jinhua 321000, Zhejiang, China;

3. Nanjing Tech University, Nanjing 210093, China)

Abstract: The discrete element method was utilized to construct three-dimensional discrete element models for the rice mixture,

and their motions were analyzed numerically on a planar vibration screening device.
onto the vibrating screen surface, the mixture undergoes a reciprocating motion within the same cycle.

The results showed that, after falling
During the screening

process, the mixture undergoes segregation, slides along the screen surface, passes through the screen and then falls. In

comparing the movement of grains and shriveled grains, it can be seen that the velocity of shriveled grains experiences cyclical

changes, which is consistent with the grains’ motion cycle.

grains, and the average speeds of shriveled grains and grains converge.

The impact on grains is shown to be greater than that on shriveled

The curve shows that the screening of repetitive

movements has a significant effect on the average velocity of shriveled grains, but also the velocity of shriveled grains and the

vibration parameters can be well represented by a fitting equation.

It is beneficial for the separation of grains from shriveled

grains to choose a greater vibration frequency and screen surface inclination in the range of commonly used.
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1 Introduction

China is the world’s largest rice producing country,
and the rice harvest is highly dependent on the efficiency
of the harvester for simultaneously completing the cutting,
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threshing, cleaning and separation work during harvest.
A plane vibratory screening device is an important
component of the modern combine harvester and has a
significant influence on the separation performance.
The screening process of the threshed mixture (which
contains short straws, grains, shriveled grains and crushed
leaves) is a multiple stochastic discrete process. Relying
on the powerful computing capabilities of modern
computers, the microscopic behavior of screening as well
as the screening mechanism can be explored based on the
discrete element method (DEM).

attracted much research attention.
[1,2]

This process has
Cleary and Sawley used the discrete element
method and a three-dimensional (3D) spherical model to
conduct a DEM simulation of the particle mixing as well
as the screening process on a screen surface in the vertical
vibration direction.  They analyzed the screening

mechanism when particles underwent vibration screening



232 November, 2017 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org \Vol. 10 No.6

and found that DEM can be used as an auxiliary design
tool for screening equipment.  Furthermore, Li et al.*
applied the two-dimensional circular DEM model and
utilized a stationary tilting screen surface to simulate the
screening process of the granular assembly of the
different binary grain sizes, and examine the movement
process and separation mechanism of particle groups on
the plane sieve for discussing the impact of various
factors on screening efficiency. Using the 3D discrete
element method, Chen and Tong™ simulated the collision
of particles on the vibrating surface in screening process
and examined the effects of vibration frequency and
screen surface length on the screening efficiency. Jiao
et al.”! set up a DEM screening system using VC+ and
achieved a dynamic simulation of vibration screening.
Wiacek[™! determined influences of the particle shape and
friction on the mechanical response of a granular
assembly in a uniaxial compression through DEM
simulations and laboratory experiments with pea bean
Zhao et al.’¥ used DEM to conduct a 3D
simulation on the vibratory screening process of minerals

seeds.

to explore the ore screening mechanism and study the
influence of vibratory screen motion parameters on
Jiao and Zhao™ used the DEM
method to conduct a numerical calculation and simulation

screening efficiency.

on the vibratory screening of rice and brown rice, and

compared with the experimental results which

demonstrated that the numerical computation was feasible.

Lenaerts et al.* introduced modified DEM for better
fitting simulations of the grain-straw separation, which is
one of the most critical processes in combine harvesters.

Among studies involving numerical simulations of
grain screening, many scholars overlooked the effect that
particle shape can have on screening. In such studies, a
spherical particle model is typically adopted, which exists
a significant difference in actual situations on the ratio of
the mixture’s different components and the screen surface
size parameters. In fact, minimal research has been
conducted on comparing the movement patterns of
different components in the screening process, and there
is little in-depth study on the movement of the granular
assembly and the screening mechanism.

In this paper, the screening process of the grain

mixture on the vibratory sieve was reproduced through
numerical calculations of different components on the
sieve using the soft ball model of 3D discrete element
Through simulation experiments, the average impact and
the average velocity of grains and shriveled grains during
screening was studied to reveal their movement patterns
on the screen surface and vibration screening mechanism.

2 Multi-component discrete element model
and simulation parameters

2.1 Discrete element contact mechanics model

The soft ball contact model by modified discrete
element method (MDEM) was adopted as shown in
Figure 1.

W~ I = o -{

Dash pot Slider

Spring
Figure 1 Contact model

In Figure 1, K,, K; and K, are normal stiffness,
tangential stiffness and roll stiffness, respectively, while
d,, d; and d; are the damping for normal stiffness,
tangential stiffness and roll stiffness, respectively.
Particles are subject to gravity in addition to the normal
between

Furthermore, they are also subject to the moment caused

and tangential contact force particles.
by the tangential force as well as the rolling friction
moment. Therefore, the motion™? of the i™ particles can

be expressed by the following two equations:

av, 0
m d_tI —Mmg+ Z:j=1(|:rhi1' +F) 1)

dﬁ!)I _ n
Ii F - zj:l(Tt,ij +Tr,ij) (2)

where, m; is the mass of the particle i; I; is the moment of
inertia of the particle i; n; is the total number of particles
that have contact with the particle i; g is the gravitational
acceleration; V; is the moving speed of the particle i; t is
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the time step; and w; is the angular velocity of the particle
i.  The normal force F,j, the tangential force Fj, the
rolling friction torque T,j, and the tangential torque Ty
can be obtained by using the basic Newtonian mechanics
formula®.  Each individual particle simultaneously
moves and rolls under the action of the above forces and
moments.
2.2 3D discrete element model for threshed grain
mixture

In the previous study, the research team constructed a
3D CAD model of a threshed grain mixture!™®. As a
result, the bonded particle method™**®! was used in this
study to represent the non-spherical shape of three kinds
of extractions with multiple spheres adhered together.
The physical properties of the adhered spheres were the
same as the corresponding mixture. Relying on this
method, a 3D discrete element model of the rice grain
mixture was constructed as shown in Figure 2.

a. Grain b. Shriveled grain

c. A short stalk
Figure 2 3D DEM model of threshed mixture

2.3 Model of vibrating screen

Louver sieves are usually applied to the screening
systems of small combined harvesters. Because of the
sieve’s reciprocating motion and wind force, the threshed
mixture grains can be separated when they fall onto the
screening surface. In order to save computation time,
some parts not in contact with the grains were removed.
The simplified vibrating screen is shown in Figure 3.
Additionally, the fish scale of chaffer opening is 20< the
size of fish scale is 8 mm>8 mm, the length of the sifter is

1000 mm and the width of the sifter is 300 mm.

Figure 3 Simplified vibrating screen

2.4 Simulation software and simulation

The discrete element analysis tool from EDEM2.3
was used for the simulation. In the simulation, since the
sifter is a moving part, it was set to perform a linear back
and forth motion™!.  In the particle mixture used for the
simulation, the ratio of grains, shriveled grains and short
stalks produced per second was assumed to be
793:205:2%" and the step length was 0.02 s. The
components and physical parameters of the granular
material were set as shown in Table 1, and the physical
parameters for the interactions between particles are

shown in Table 21819,

Table 1 Physical parameters of granular materials

Material Density/kgm™>  Shear modulus/Pa Poisson’s ratio
Steel 7850 1x10%° 0.30
Grain 1280 2.1x10° 0.25

Short stalk 160 4.4x10° 0.45
Shriveled grain 190 2.0x10° 0.35

Table 2 Physical parameters of particle interactions

Coefficient of
restitution

Coefficient of
static friction

Coefficient of
rolling friction

Grain-grain 0.25 0.75 0.43
Grain-stalk 0.17 0.50 0.36
Grain-shriveled grain 0.28 0.84 0.42
Grain-steel 0.12 0.35 0.45
Shriveled-shriveled grain 0.31 0.93 0.38
Shriveled-steel 0.18 0.53 0.39
Shriveled-stalk 0.24 0.77 031
Stalk-stalk 0.15 0.46 0.22
Stalk—steel 0.10 0.26 0.29

2.5 Experimental design

In order to study the screening mechanism of the
granular assembly under different vibration parameters,
an experiment focused on numerical simulations under
examining single parameter based upon the sieve’s
motion parameters during vibratory screening.  As
shown in Table 3, four levels were set for each of the
parameters, and numerical calculations were made using
various combinations.

Table 3 Grouped experiments examining single parameters

Experiment No. Factor Level Conditions
1-4 Amplitude/mm 20, 25, 30, 35 o=4<f=4 Hz
5-8 Frequency/Hz 3,4,5,6 a=4< A=25 mm

8-12 Sieve surface 3,4,5,6

inclination/(9 A=25 mm, f=4 Hz
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3 Experiment verification

3.1 Cleaning testing platform

The experimental platform is shown in Figure 4.
The vibration sieve was driven by the electromotor and
When the
threshed mixture grain fell onto the screening room, the

its speed was controlled by the converter.

mixture grain could be separated by the combined action
of the wind force and the vibration force. The speed of
the fan could also be changed by another converter. In
order to analyze the distribution of undersized grain, the
flow board was set up, and the undersized grain could
therefore fall into five sample boxes.

3 ) E )
; .

AT TR R

1. Hopper 2. Fan 3. Electro motor 4. Converter 5. Vibration sieve
6. Sample box

Figure 4 Cleaning device

3.2 Test methods

To conduct quantitative analysis assessing the
accuracy of the DEM simulation, using the same
parameters, undersized material was collected along the
length of the vibrating screen and its distribution could be
examined. Comparing values obtained from the DEM
simulation analysis, the accuracy of the simulation was
verified. The following parameters were set: amplitude,
25 mm,; screen surface inclination, 4< and frequency,
4 Hz. The software EDEM 2.3 was used to simulate and
calculate the weight percentage of different areas. After
each test was finished, the undersized material in the five
sampling boxes (from front to back, No. 1-5) was
respectively weighed and then the weight percentage of
each sample box could be calculated. The test was
repeated seven times and the average of percentages
could be deduced.
3.3 Results analysis

Experimental data and values obtained the DEM
simulations are shown in Figure 5. As shown in Table 4,
the mean difference was smaller for the two groups.

According to the t-test critical value table (Critical
confidence level), t(4,0.05)=2.78, calculated value t =
0.0073<2.78, showed that the difference between the data
of the two groups was smaller at a 0.05 significance level
and the correlation coefficient of the paired sample was
0.9867.

correlated.

The data from the two groups were highly
Thus, the DEM model and simulation
parameters were confirmed as wvalid for further
simulations.
70 -

—w#— DEM simulation value
60 |-

—e— Experimental value

50

Weight percentage/%
o
(=]
T

Number of sample box

Figure 5 DEM simulation and experimental values

Table 4 Data variance analysis of the two groups

Mean Standard
difference deviation Standard error P t df
0.0161 49132 2.1972 0.0073 4 0.9945

Note: Correlation coefficient of paired sample: 0.9867, 95% confidence interval:
6.1166-6.0864.

4 Results and analysis

4.1 Simulations and analysis

Figure 6 presents the simulation results of the
threshed mixture screened on the planar sieve over 0.6 s
using the following parameters: amplitude, 25 mm;
screen surface inclination, 4< and frequency, 4 Hz. In
order to allow for clear observation, the grains, shriveled
grains and short stalks were respectively designated as
green, yellow and blue.

Figure 6 indicates that the grain mixture entered the
planar vibratory screening device at the initial velocity.
Then, due to gravity, the mixture fell onto the screen
surface. When the vibrating sieve motion reached 1/2
cycle, the mixture gradually accumulated on the screen
surface. Under the sieve’s vibration force, the mixture
shook and segregated as well as slid to one side due to the
pushing effect of the screen surface. When the vibrating

screener reached 3/4 cycle, the majority of particles were
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making contact with the screen surface, and the smaller
particles could be sieved through so as to produce
parabolic movement.  Because their size made it
difficult for short stalks to pass through the sieve, they

remained on the screen surface. In fact, the only means
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of separating them from the other particles was by
pushing them to the rear of the sieve under the sieve’s
pushing effect.  During the screening process, no
significant difference could be observed between the

movement of the grains and that of the shriveled grains.
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Figure 6 Simulation of vibrating screening

4.2 Particle mixture motion analysis

Figure 7 shows the detail of changes in the average
impact and velocity of the grains and shriveled grains at
an instance during the screening process using the
following parameters: amplitude, 25 mm; inclination, 4<
and frequency, 4 Hz.

Figures 7 and 8 indicate that, after the grains and
shriveled grains fell onto the screen surface, their average
impact and speed periodically varied, but the cycle was
consistent. Compared to the shriveled grains, the grains
demonstrated a far greater average impact, and their

average speed was slightly less during the screening

process.  The mechanism could be interpreted as
follows: due to their physical properties, the grains made
greater impact during the screening motion, but because
of their relatively large mass, acceleration was relatively
small, and their average velocity during motion was
slightly less than that of the shriveled grains.
Furthermore, as the average instantaneous speeds of the
grains and shriveled grains were similar during motion, it
was difficult to effectively separate the grains from the
shriveled grains by only using the separation functions of

the vibratory sieve.
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Figure 7 Change of average impact on particles
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Figure 8 Change of average speed of particles

4.3 Effect of vibration parameters on average
impact of particle mixture

For a more intuitive analysis of the effects of various
factors on the average impact of the particle mixture, the
results obtained from numerical calculations were further
analyzed in order to identify any patterns, as shown in
Figures 9-11.

Under the same conditions, the grains made a greater
When the
amplitude was increased, the impact exhibited a declining

impact than did the shriveled grains.

tendency because the greater distance the particles were
pushed along the screen surface during a cycle, the
smaller the change in the interaction force between the
particles, and the smaller the total force. Furthermore,
when the frequency was changed from 3 Hz to 5 Hz, and
the screen surface inclination was changed from 3<to 5<
the change in the average impact grains made was small,
thus indicating that a smaller vibration frequency and
screen surface inclination slightly affected the external
force that the grains were subjected. However, when the

frequency was increased to 6 Hz, the average impact on

the grains was reduced; thus, this indicated that with a
high frequency, the impact on the grains was offset when
the grains moved back and forth on the screen surface.
Furthermore, when the screen surface inclination was
increased by 6< the average impact on the grains
significantly increased, thereby indicating that the total
impact on the grain mixture increased by a large margin
due to the influence of gravity at a greater tilting angle.
As for the shriveled grains, when the frequency was
highest (6 Hz) and smallest (3 Hz), the impact on them
was greater than it was when the frequency was 4 Hz and
5 Hz.
of the shriveled grains was smaller, so when the vibration

The underlying mechanism could be that the mass

frequency was both relatively high and low, a more
obvious increase in the interaction forces between the
particles could be observed.  The screen surface
inclination had less impact on the shriveled grains, and
the mechanism here was related to their smaller mass as
well as the smaller effect that gravity had on the increased

impact they were subjected.
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Figure 9 Average impacts on particles at different amplitudes
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Figure 10 Average impacts on particles at different frequencies
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according to various factors was not as significant after
fitting.

4.4 Impacts of various factors on average velocity of
particle mixture

After the numerical results were processed, the
variation pattern of the average velocity of the grains and
shriveled grains under varying factors was obtained and is
shown in Figures 12-14.

Figures 12-14 indicate that, under the same conditions,
the average velocity of the shriveled grains was higher
than that of the grains. At amplitudes of 20 mm and
30 mm, the average velocity of the particles was
relatively high. Furthermore, as the frequency and the
screen surface inclination increased, the average velocity
of the grains and shriveled grains also showed a tendency
to increase. This is because the shriveled grains had a
smaller mass and could accelerate faster in the course of
contact with the screen surface, and thus were faster than
the grains. At a greater frequency, the acceleration of
the back and forth motion of the screen surface increased,
the speed of the particles increased under the pushing
motion, and the overall speed increased. Be in a greater
screen inclination condition, the velocity showed an
increasing trend wunder the influence of gravity.
According to the R? value of the curve fitting, the curve

equation reflecting the relationship between the shriveled
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Figure 12  Awverage velocity of particles at different amplitudes
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5 Conclusions

A 3D soft-sphere discrete element model was adopted
in this work to construct a 3D discrete element model for
The
screening process was numerically calculated, and the

each component of a threshed rice mixture.

following conclusions could be made:

(1) The rice grain mixture 3D discrete element model,
which was developed in this study by using bonding
method, reproduced the screening process of
multi-component mixtures; a multi-component mixture
underwent a back and forth motion within a single cycle,
and the motions of the grains and shriveled grains were
found to be similar, but the short stalks were difficult to
sift.

(2) When being screened with the vibratory screen,
the impact that both the grains and shriveled grains was
subjected to and their velocity changed periodically.
The impact on the grains was much greater than it was on
the shriveled grains but, during the screening process, the
velocity of the grains’ motion was less than that of the
shriveled grains, with only a small difference existing
between them.

(3) The relationship between the average impact on
the particle flow and the average velocity and the
vibration parameters was analyzed, and curve fitting was
performed. The results revealed that the relationship
between the impact on the shriveled grains and their
average velocity and vibration

parameters was

significantly strong. It is beneficial for the separation of
grains from shriveled grains when the frequency was set

as 6 Hz and the screen surface inclination was set as 6<
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